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The prompt gamma-ray spectrum of uranium yields no substantial identifying 
peaks.  Therefore, fission products created by a beam of thermal neutrons incident on the 
uranium sample must be examined in order to create a fingerprint to identify the sample.  
While neutron irradiation ceased, a high purity germanium detector was used to count 
photon emission by short-lived uranium fission products. 
Two methods were used to examine the fission products.  In each method uranium 
samples were irradiated for approximately 45 minutes to allow for the saturation of 
fission products.  The first method used the beam port shutter and allowed for longer 
counting and irradiation times, but was unsuitable for examining fission products with 
half-lives below 10 seconds.  The on/off method used a cycle of equal irradiation and 
 vii
counting times of one minute.  The second method is able to measure track the 
production of fission products with half-lives of less than 10 seconds.  This method used 
a borated aluminum wheel beam chopper to stop the irradiation of the sample during 
counting.  The beam chopper was set to cycle for approximately one second of counting 
following half a second of irradiation.   
The spectra from both methods were analyzed and the peaks were assigned to the 
appropriate fission products.  The majority of the peaks were composed of gamma-rays 
from multiple nuclides.  The peaks created by gamma-rays from decays of a single 
nuclide were used to calculate the detection limits of the system.  Using the beam 
chopper system, 21 peaks would be above the detection limits of our system 95% of the 
time for uranium samples of less than one kilogram.   
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Chapter 1:  Introduction 
1.1  MOTIVATION 
 The duties, spending, and scope of The Department of Homeland Security have 
increased tremendously in this country since the first major terrorist attack on the 
mainland of the United States on September 11, 2001.  In 2001 the spending on 
homeland security was 20.7 billion dollars.  By 2006 the project budget for The 
Department of Homeland Security more than doubled to 49.7 billion dollars [1].  As the 
danger, or perceived threat, of terrorism continues The United States will consistently 
increase spending in the upcoming years to prevent any additional violence in this 
country due to terrorism.   
The escalating tensions between the United States government and terrorist 
organizations has raised the concern that a future attack could include a nuclear 
component—a nuclear weapon or a dirty bomb, which could result in a radioactive 
contamination of a large area in addition to casualties.  The threat of proliferation is 
always on the international stage because of loosened regulations for handling special 
nuclear materials in times and areas of governmental upheaval.  A few decades ago, the 
major concern was the nuclear weapons stockpile of the former Soviet Union.  However, 
the number of countries with nuclear capabilities has been increasing in the past decade.   
Countries that have a hostile relationship with the United States have recently 
started developing nuclear programs.  North Korea is believed to be close to developing a 
ballistic warhead to detonate a nuclear weapon.  There are estimates that North Korea has 
enough plutonium to make six nuclear bombs [2].  According to Mohamed Elbaradei, the 
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past Director of the International Atomic Energy Agency (IAEA), Iran has a large 
amount of low enriched uranium, below 5% enriched.  He claims Iran will be unable to 
enrich uranium to weapons grade [3] approximately 90% enriched uranium, while the 
IAEA inspectors are present in Iranian facilities.    Uranium enrichment facilities, 
including hundreds of gas centrifuges, near Natanz in Iran have been discovered and 
consequently dismantled [4].   Whether or not Iran has the expertise to enrich uranium to 
weapons grade levels is unknown and currently being debated on the international stage.   
The possibility of a large amount of special nuclear materials in the hands of 
aggressive countries puts the United States in a difficult position.  The detection of 
nuclear materials is necessary for the monitoring and tracking of possible threats to the 
United States.  It is also necessary to be able to distinguish between different types of 
nuclear materials, isotopes present and enrichment levels, with a variety of techniques.  
This allows our intelligence sector to have multiple methods to confirm or disprove a 
possible threat to the safety of the United States.    
1.2  LITERATURE REVIEW 
 The detection of materials that are a security threat to the United States and other 
sovereign nations has been well researched.  Groups around the world have taken 
different approaches to recognizing undesirable materials even when the materials are 
concealed.  One group has developed a technique to examine the contents of suitcases to 
detect explosive devices [5].  Other groups have focused on the differentiation of 
different enrichment levels of uranium [6-8].   
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1.2.1  Using Delayed Neutrons 
 The presence or absence of uranium is frequently established by examining the 
delayed neutrons created from fission.  After a sample is irradiated, the sample is counted 
using 3He detectors [9].  The number of delayed neutrons counted is recorded.  The mass 
of uranium in a sample has a linear correlation to the number of delayed thermal fission.  
This relationship has been extrapolated for calculating the ratio of 235U to 238U in a 
sample.  Some methods require the separation of thorium from the sample, which yields a 
more accurate detection level.  The percent 235U by weight can be calculated using a fast 
neutron flux on the order of 108 n·cm-2·s-1 with an error of only 0.02 w% in a sample with 
thorium removed [6].  In an attempt to calculate the amount of thorium in a sample and 
the ratio of 235U to 238U, the thorium was removed from the sample before the analysis of 
the uranium ratio.  Unfortunately the thorium was destroyed in the removal process [7], 
so only an accurate measurement of the uranium ratio was calculated.  One group 
established that the amount of uranium and thorium in the sample has a linear 
relationship with the delayed neutron counts divided by the weight of the sample.  The 
slope of the line has evaluated to establish the uranium to thorium ratio within the 
sample.  The larger slope results in a higher ratio of uranium to thorium [10].    
 Neutron activation analysis can also be used in conjunction with delayed-neutron 
counting to establish the amount of uranium and thorium in materials—aluminum-copper 
alloys and silicon samples.  The gamma spectroscopy focused on the production of 
239Np—from the beta decay of 239U produced from 238U(n,γ)—and 233Pa—formed from 
the beta decay of 233Th produced from 232Th(n,γ).  By incorporating the gamma 
spectroscopy, the samples were accurate on the order of parts per billion [11].  
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Examining the delayed neutrons produced from fission is also used to 
differentiate between 235U and 239Pu.  However, the percent absolute yield of thermal 
fission from delayed-neutrons from 235U is approximately twice the height of the absolute 
yields for 239Pu.  However the absolute yield of the thermal fission produced delayed 
neutrons of 235U and 239Pu exhibit a similar shape with respect to time [12,13].  
Therefore, it is necessary to know the mass of the sample in order to differentiate a 235U 
sample and a 239Pu sample by this method.   
When looking at materials or setting up safeguards, the mass of the material in 
question is rarely known.  Delayed neutrons produced from fission are also used to 
identify special nuclear materials when the mass of the sample in question is unknown.  
The Differential Die-Away Analysis (DDAA) uses 14 MeV neutron pulses from neutron 
generators to penetrate cargo containers.  The production of fast neutrons with a time 
behavior that is slower than the original neutrons is detected signifies the presence of 
special nuclear materials in the cargo [14].  Unfortunately this technique does not allow 
classification of the nuclides present or the enrichment of the material.   
Another safeguards procedure for monitoring large areas is the delayed neutron 
activation analysis (DNAA).  This method determines, using swipes, if fissile material is 
present in the area tested.  The samples are irradiated in a high flux thermal reactor and 
then counted.  This method only confirms that the presence or absence of fissile material.  
Unfortunately, this method has not been able to quantify the fissile material on the swipe 
and cannot distinguish between 235U and 239Pu.  DNAA only requires a minimal amount 
of sample preparation and allows the analysis of a large number of samples in a short 
period of time [15]. 
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1.2.2  Using Gamma-Ray Spectrometry 
HPGe detectors are usually used for the differentiation of 239Pu and 235U samples 
if the mass of the sample is known [16].  However, HPGe detectors are expensive and 
delicate.  Therefore, Swanberg et al. used plastic and liquid scintillators were used to 
classify a sample of known mass as 239Pu or 235U.  Using an irradiation time of only 30 
seconds, the gamma-rays were counted for 25 seconds and the counts were broken up 
into 10 2.5 second bins.  The counts were normalized using the mass of the sample and 
each bin was examined.  The shape of the decay curves for 235U and 239Pu was extremely 
similar.  The plastic and liquid scintillators were only able to examine gamma-rays 
between 1.2 and 4 MeV.  Unfortunately the data was able to determine the presence or 
absence of 235U and 239Pu, but the system was not accurate enough to differentiate 
between the two fissile materials [16].  
1.2.3.  Prompt Gamma-Rays  
 Verbinksi, Weber, and Sund [17] examined the prompt gamma-rays from >99.7% 
enriched thin foil samples of 235U, 239Pu, and 252Cf.  The 235U and 239Pu samples were 
examined during fission with thermal neutrons.  The 252Cf sample was examined during 
spontaneous fission.  Using NaI detectors, the thin sources were counted.  The gamma-
ray energy fission for each sample was calculated, as well as the photons per MeV 
created from fission.  The classification of the spectra from 235U and 239Pu would be even 
more difficult if there was addition noise—possibly from surround materials or 
background levels.  The current method compares the total number of gamma-quanta per 
fission event of 239Pu and 235U spectra, which is computationally extensive.    
Unfortunately, the differences between 239Pu and 235U are subtle for photons with energy 
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below 0.7 MeV and almost indistinguishable for photon energies from 0.7 MeV and 8 
MeV [17].  
 Peelle and Maienschein [18] examined a sample of 235U during thermal neutron 
fission.  The photons between 0.01 MeV and 10 MeV were measured using a pair of NaI 
detectors.  The data agrees with the findings of Verbinski, Weber, and Sund [17] on the 
values of gamma-ray energy per fission and photons per MeV of fission.  However, the 
prompt spectra collected for both the 235U and 239Pu samples are extremely similar.  The 
spectra require a thorough comparison to differentiate the samples.  The prompt gamma-
ray spectrum of 239Pu has only a few major peaks, as shown in Figure 1.1, but the peaks 
are not large enough to allow for differentiation from other nuclides.   
 
Figure 1.1:  The 239Pu(n,f) spectrum [19]. 
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 One of the main obstacles to detection is subtracting out the surrounding material 
to uncover the substance of interest.  There are several groups using prompt gamma 
activation analysis to collect spectra through different mediums.  This technique raises 
difficulties including the shielding and attenuation properties of the material.  Recently 
there has been gamma-ray spectra collection using 14 MeV neutron generators [10, 14, 
20, 21].  High energy neutrons are able to travel farther through materials, which makes 
shielding materials more difficult.  Also, 14 MeV deuterium-tritium neutron generators 
are common and transportable [5, 20].  In order to create more portable methods of 
detection, NaI(T1) detectors and BaF2 scintillators have been used to determine the 
material composition within different mediums [21].   
Sixty-four neutron beams produced by a deuterium-tritium sealed neutron 
generator were used to examine the alpha-gamma coincidence time spectra of different 
samples while the sample is submerged in water [20].  The acquisition times are currently 
on the order of hours.  However, the signatures of C, N, O, Na, Al, Si, Cl, K, Ca, Cr, Fe, 
Ni, Cu, Zn, and Pb have been established using the experimental data.  The data collected 
experimentally has been compared with Monte Carlo calculations, but the computational 
calculations and experimental data do not agree below for the detection of particles below 
14 MeV. 
 A similar approach was used to examine graphite, water, and melamin buried 
under ground.  In this study, a NaI(T1) scintillator was used in conjunction with a BaF2 
scintilator [21].  The time difference between the detection of the gamma-ray and the 
alpha particle was used to calculate the travel distance of the fast neutrons emitted from 
the 14 MeV deuterium-tritium neutron generator.  The BaF2 scintilator provided the 
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timing necessary for the time difference calculation, but yielded sub-par resolution.  The 
group ran into problems with oxygen detection due to the high oxygen content in the soil 
due to the soil moisture levels.  Ultimately, the group was unable to differentiate between 
the materials and the blank sample while the materials were buried.   
 
1.2.4  Fission Products  
 The fission products created in thermal fission of 239Pu and 235U were examined 
using Compton-suppressed germanium detectors and two x-ray detectors operating in 
coincidence [22].   The group examined the products created 10-21 to 10-12 seconds after 
the induced fission, which is referred to as the prompt time period.  The spectra created 
from the fission products for both 239Pu and 235U, shown in Figure 1.2 and Figure 1.3, 
show a large number of identifiable peaks that are attributed to the decay of different 
fission products.   
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Figure 1.2:  The 235U(n,f) coincident gamma-ray spectrum [22].   
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Figure 1.3:  The 239Pu(n,f) coincident gamma-ray spectrum [22].   
 
Fissions that result in three fragments are relatively rare.  Specifically, the focus 
was placed on examining the two fission fragments, the zero to six neutrons created, and 
the seven to ten prompt-gamma-rays released during the prompt time period [22].  
Fission product pairs were selected for uranium—134Te/Zr, 138Xe/Sr, and 144Ba/Kr—and 
plutonium—134Te/Mo, 138Xe/Zr, and 142Ba/Sr.  The number of neutrons of the 
denominator isotope is another variable used to differentiate between fission isotopes 
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with different mass numbers.  The most conclusive way to differentiate between the 
isotopes of uranium and plutonium compares the ratios of these fission product pairs.   
1.2.5  Delayed Gamma-Rays 
A beam chopper at the Budapest Research Reactor allows the counting of the 
prompt gammas of a sample while simultaneously collecting the delayed spectrum [8].  
Some of the decay lines of short-lived reactions appear in the prompt spectra, like the 
1779 keV line of 28Al.  Since the detection limits are lower during the delayed counting 
time, more decay lines are present and not overwhelmed by the peaks from prompt 
gamma-rays [23].  The enrichment of two uranium samples was calculated by comparing 
an in-beam, or prompt spectrum, to a decay spectrum, shown in Figure 1.4. The spectra 
were collected used a beam chopper set to 25 Hz.  The in-beam data was collected during 
the 20 ms irradiation time.  This was followed by a 16ms decay phase when the decay 





Figure 1.4:  Uranium spectra acquired using the beam chopper at 25 Hz [8]. 
 
 From the prompt spectrum, the ratio of the 6395 keV peak from the 235U and the 
4060 keV peak from the 238U  was examined.  This ratio was then used to determine the 
ratio of 235U to 238U.  The decay spectrum was used to subtract out the interference at the 
4060 keV peak from the short-lived fission product 90Rb.  This allowed the group to 
differentiate between two uranium samples.  On sample was enriched to 19.1% and the 
second sample was enriched to 36% [8].   
1.3  GOALS 
Using prompt gamma activation analysis alone, the prompt spectra of uranium 
and plutonium are difficult to differentiate quantitatively [17].  Therefore, the delayed 
gamma-rays of the fission products are examined in order to overcome this problem.  
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Using a cycle of irradiating the sample and pausing the irradiation while counting, the 
spectrum provides information about the fission products present in the sample.   
 Since the sample being irradiated contains 238U, the timing must be considered to 
avoid 239U photopeaks overwhelming the spectrum.  The half-life of 239U  is 23.45 
minutes.  Therefore, the experiments used an irradiation and counting cycle time of one 
minute or less.  The on/off method was used for one minute irradiation and counting 
times.  A beam chopper was constructed to examine fission products with half-lives of 
less than 5 seconds.   
The delayed gamma-rays allowed the identification of the short lived fission 
products present in the sample.  However, there are multiple problems encountered while 
trying to classify the photopeaks in the fission product spectra.  Lower energy gamma-
rays are easily overwhelmed by gamma-rays from long-lived decay products [22].  While 
high energy gamma-rays are less affected by shielding and attenuation, the detector 
efficiency is lower at higher energy levels.  The detection limits for the peaks at different 
energy levels created by a single nuclide show the amount of 235U necessary for 
detection.   This provides a solid number to compare across the energy levels and for 
different fission products. 
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Chapter 2:  Theory 
2.1  RADIATION 
 The decay of a radionuclide occurs when an unstable nucleus spontaneously emits 
ionizing particles and radiation.  One form of radioactive decay releases an alpha particle, 
which is a charged 4He nucleus.   This type of decay happens in nuclei that are lacking 






92 +→        (2.1) 
Another type of radioactive decay is beta decay.  A positron, or beta-ray, and a neutrino 
are emitted during β+ decay. For example, 
 υβ +→ + NO 1515        (2.2) 
For nuclei that have too many neutrons, β- decay occurs.  This form of decay emits an 
electron and an anti-neutrino.  For example, 
 υβ +→ − FO 1919        (2.3) 
 The frequency of decay of any given nuclide can be described by its half-life.  
The half-life, 
2
1T , of a nuclide is the amount of time it takes for a sample to decrease to 
one-half of its original quantity.  The decay constant is frequently used instead of the 






=λ         (2.4) 
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The activity of a sample is the number of disintegrations per unit time.  The 
activity at time t can be described by the decay constant as 
teAtA λ−= 0)(         (2.5) 
where A0 is the initial activity of the sample.   
2.2  FISSION 
 Fission occurs when a neutron interacts with a certain type of nuclei.  The 
colliding neutron causes the nucleus to split apart and creates two or more fission 
products, some amount of neutrons, and the release of energy.  A material that is capable 
of undergoing fission is referred to as a fissile material.  As fission occurs, neutrons 
released from atomic splitting continue on and interact with other fissile material created 
what is referred to as a chain reaction. 
 
Figure 2.1:  The target nucleus is hit by a neutron and produces several fission products 
and neutrons [24].   
 
 Fissile material is necessary for fission, but fertile material can help with the 
propagation of the reaction.  A fertile substance is a material that can be converted into 
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fissionable, or fissile, material.  For example, 238U can be converted into 239Pu, which is a 
fissionable material.   
 A single neutron induced fission, referred to as generation 1 in Illustration 2.2 can 
cause the production of multiple neutrons.  The neutrons, referred to as generation 2 in 
Illustration 2.2, are able to collide with additional nuclei to induce fission.  The 
increasing number of neutrons in the system increases the number of fissions.  This 
phenomenon is referred to as a nuclear chain reaction. 
 
Figure 2.2:  Chain reaction induced by a neutron fission event [25]. 
2.3  FISSION PRODUCTS 
 There are usually two different fission products created from fission, and the 
nucleus is rarely divided equally.  This results in fission fragments that are dissimilar in 
mass number.  In order create a more symmetric division of the nuclei during fission, the 
energy of the colliding neutron can be increased, as shown in Figure 2.3.   
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Figure 2.3:  Fission product yields for thermal and 14-MeV fission neutrons in 235U [26]. 
 
 The fission products usually have too many neutrons to be stable.  Therefore, the 
fission products undergo a sequence of β-decays, which results in a stable nuclide.  In this 
case, 115Pd undergoes several decays to produce 115In, a stable nuclide.   
InCdAgPd 115115115115 →→→ −−− βββ     (2.6) 
In order to calculate the amounts of certain fission products in a sample, the amount 
created by a nuclide produced by fission must be supplemented with the amount of the 
nuclide produced in decay chains.   
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During radioactive decay gamma-rays are frequently emitted.  The frequency of 
emission is dependent on the nuclide undergoing the transformation and the initial energy 
level of the parent nuclide.  The frequency of a nuclide emitting a gamma-ray, or the 
gamma-ray yield, at a given energy during radioactive decay is shown in the decay 
scheme, as shown in Figure 2.4. 
 
Figure 2.4:  The decay scheme of 198Au [27]   
 
 When using a detector system to count the gamma-rays at specific energy levels, 
the number of counts for a specific channel can be calculated by 
 itAchannel
counts γε ⋅⋅⋅=        (2.7) 
where A is the activity of the sample in Becquerel, t is the time the sample is counted in 
seconds, ε is the efficiency of the detector for the channel, and γi is the gamma-ray yield 
for the specific energy.   
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2.4  PROMPT GAMMA ACTIVATION ANALYSIS 
 Prompt Gamma Activation Analysis is a nondestructive analytical technique used 
to quantitatively determine the different nuclides within a sample. In this process, a beam 
of neutrons is used to irradiate a sample of unknown composition. Interaction between 
the nuclei of the sample atoms and the incident neutrons allows for neutron capture and 
subsequent excitation to a higher but unstable energy state.  For example, nitrogen and a 
neutron combine into an unstable nuclide, 15N 
NnN 1514 →+         (2.8) 
The radioactive state the sample atoms are ephemeral, quickly decaying to a 
lower energy state and emitting gamma-ray photons of a specific energy.  The gamma-
ray released is dependent upon the nuclei of interaction.  To continue the example, the 
15N releases a prompt gamma-ray, γ, and settles into a stable state. 
15N  15N + γ        (2.9) 
The emitted γ radiation is collected by a solid state, semiconductor, photon 
detector and binned based on their energy. Data acquisition software is then used to 
deconstruct the signal and develop of spectrum based on the gamma-ray energies, 
effectively fingerprinting the atomic composition of the sample. Due to the characteristic 
energies of emitted gamma-ray photons from specific elements, this spectrum can be 
used to determine the elemental composition of the supplied sample.  The prompt 
gamma-ray spectrum for nitrogen is shown in Figure 2.5.  Each photopeak denotes a 
gamma-ray of a certain energy released. The size of the peak is dependent on the activity 
of the sample, the absolute yield of the gamma-ray at that energy, and the detector 
efficiency at that energy.   
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Figure 2.5:  The prompt gamma spectrum for nitrogen [28]. 
2.5  PROMPT GAMMA-RAY ACTIVATION ANALYSIS OF SPECIAL NUCLEAR 
MATERIALS 
 The prompt gamma-ray spectrum produced by thermal neutron induced fission of 
natural uranium is shown in Figure 2.6.  The 239Pu prompt gamma-ray spectrum is shown 
in Figure 2.7.  The uranium spectrum has a few large peaks attributed to the irradiation of 
238U.  The 239Pu spectrum only has small peaks that are not easy to distinguish from the 
background.   
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Figure 2.6:  Uranium prompt spectrum [28]. 
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Figure 2.7:  The prompt spectrum of 239Pu [29].   
 
 The energy spectrum from the prompt photons from fission of 235U is similar to 
energy spectra produced by other fissioning isotopes.  Therefore, the 235U spectrum is 
frequently used to approximate other isotopes.  The data collected by Verbinski, Weber 
and Sund, shown in Figure 2.8, shows the close relationship in energy of prompt gamma-
rays produced during thermal neutron induced fission for 239Pu and 235U [17].   
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Figure 2.8:  The prompt gamma-ray energy compared to the energy per fission from the 
thermal-neutron fission of 235 U is shown on the left.  The right graph shows 
the prompt gamma-rays from the thermal-neutron fission of 239Pu [17]. 
 
Using the photons emitted in coincidence with the thermal neutrons emitted 






























γ    (2.10) 
where Npγ(E) is the number of photons per MeV per fission and E is the energy of the 
photon in MeV.  Equation (2.10) also closely resembles the empirical relationship of the 
exponential superposition described by Keepin [30] for the photons in the energy range 
of 0.3 MeV < Eγ < 7 MeV.   
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γ     (2.11) 
The empirical relationships described in equations (2.10) and (2.11) are compared to the 
data collected by Verbinski, Weber, and Sund in Figure 2.8.  The empirical formulas 
provide a relatively close fit, as shown in Figure 2.9, to both the uranium and plutonium 













































Figure 2.9:  The empirical formulas [18, 30] compared to both the uranium and 
plutonium data collected by Verbinski, Weber, and Sund [17].   
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2.6  DETECTION LIMITS 
 The limiting levels for detection are defined by LC, LD, and LQ.  LC is the net 
signal level that a signal may be detected if the signal is above.  This critical level can be 
defined as 
 0σαkLC =         (2.12) 
where kα is the abscissas of a standardized normal distribution corresponding to a 
probability of 1-α, α is the probability of a false positive, and σ0 is the standard deviation 
of a net signal when the limiting mean of the net signal is equal to zero.   
 The detection limit, LD, is the net signal level that leads to detection.  This can be 
described in terms of LC as  
 DCD kLL σβ+=        (2.13) 
where kβ is the abscissas of a standardized normal distribution corresponding to a 
probability of 1-β, β is the probability of a false negative, and σD is the standard deviation 
when the limiting mean of the net signal is equal to LD.   
 The relationship between LC, LD, LQ and other variations of error analysis is 
shown in Figure 2.10.  The limiting levels consider detection sensitivity, sensitivity, 








Figure 2.10:  The LC, LD, and LQ compared to alternative definitions for detection limits 
[31].    
 
 If the number of counts is sufficiently large and we can assume a normal 







222      (2.14) 
where 2 BS+σ   is the variance of the gross signal, 
2
Bσ   is the variance of the blank, µS is the 
limiting mean of the net signal, and µB is the limiting mean of the blank.   Allowing 
kα=kβ, the relationship for the detection limit in counts can be described by 
 BD kkL µ22
2 +=        (2.15) 
where k= kα=kβ [31]. 
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Chapter 3:  Experimental Set-Up 
3.1  THE REACTOR FACILITY  
 The reactor facility at the University of Texas at Austin is located in the Nuclear 
Engineering Teaching Laboratory on the Pickle Research Campus.  The facility houses 
the 1.0 MW Mark II TRIGA (Training, Research, Isotopes, General Atomics) reactor 
used to conduct the experiments detailed in this study.    
 
 
Figure 3.1:  The core of the TRIGA reactor at The University of Texas.   
 
The TRIGA Mark II reactor has a fixed center with four B4C control rods and a 
reactor core composed of a fuel assembly that includes 104 fuel rods.  Reactor power is 
generated by uranium zirconium hydride fuel enriched to 19.7 percent. The core is cooled 
by a water pool that immediately surrounds the reactor core and serves to attenuate 
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neutron kinetic energy. The core is surrounded by a graphite reflector scatters  neutrons 
back into the system for another chance for fission.  
 Fission inside the reactor is initialized with an AmBe neutron source.  The 
americium is surrounded by beryllium.  An americium core produces alpha particles 
which interact with a beryllium shell surrounding the americium to produce neutrons.  
These neutrons are used to increase the number of neutrons in the reactor core during 
reactor start-up.   
3.2  BEAM PORT THREE 
3.2.1  Set-up 
 The beam port that houses the prompt gamma set-up used in this experiment is a 
radial beam port utilizing neutrons from the Mark II TRIGA reactor.   The beam port set-
up is shown in Figure 3.2. 
 
Figure 3.2:  The set-up and shielding of beam port three at the University of Texas 
reactor facility[32]. 
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Neutrons generated within the reactor core are funneled down a curved beam 
guide to separate out any neutrons that are not in the thermal range necessary for PGAA.  
This beam guide is encased in concrete and lead for safety purposes; it can be seen in 
Illustration 3.2.  The flux of the neutron beam is 4x106 n·cm-2·s-1 [33].  The sample to be 
examined is placed in front of the collimated beam of neutrons at the end of beam port 
three.  Atoms within the sample absorb some of the incident neutrons and upon 
subsequent energy relaxation, emit gamma-ray radiation of characteristic wavelengths.  
The emitted gamma-rays are then counted by an HPGe detector placed at a ninety degree 
angle to the incident neutron beam.  Each gamma-ray is counted based on its energy level 
through the multi-channel analyzer and recorded using Canberra Genie 2000 software.   
Both prompt gamma-rays and delayed gamma-rays can be analyzed using this 
beam port.  For prompt gamma-ray analysis, the solid-state detector counts photon 
emission at the same time the sample is irradiated. Delayed gamma-ray analysis differs in 
that gamma-ray emission is counted after the sample is irradiated, not simultaneously as 
in PGAA.   
A Boral shutter (a boron-doped aluminum sheet) that connects the reactor pool to 
the neutron guide is used to stop the neutron beam.  In this way, the sample can be 
irradiated for a period of time ranging from one minute and ten minutes.  When the 
shutter closes and irradiation ceases, gamma-ray counting can proceed. However, the 
shutter takes almost 2 seconds to close or open completely; meaning that some prompt 
gamma-ray photons will be recorded in the spectra.   
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3.2.2  Beam Chopper 
A beam chopper was constructed to overcome the delayed opening and closing of 
the beam port shutter.  The beam chopper utilizes a borated aluminum plate with two 
equally spaced holes.  The borated aluminum disk has a 17.5 cm diameter and is 1 mm 





Figure 3.3:  The schematic drawing of the borated aluminum plate [34].   
 
The system was modeled after the beam chopper at the Budapest Neutron Center  
[35], as shown in Figure 3.4.  The beam chopper at the Budapest Neutron Center allows 
for recording both the prompt and delayed spectra while operating [8].  The chopper 
allows for a faster switch between irradiation of the sample and counting of the gamma-
rays, but only records while the sample is not being irradiated. Shorter irradiation and 





Figure 3.4:  Beam chopper at Budapest Neutron Centre [35].  
 
Gamma-ray counting is initialized or halted using a circuit connected to two diode 
lasers that detect when the shutter is open or close.  When the first diode no longer senses 
that the borated aluminum plate, shown in Figure 3.5 is in place, the circuit sends a pulse 
to the system to halt data recording.  However, when the second laser diode senses that 
the shutter is in place, gamma-ray counting is restarted.  While the chopper system is in 




Figure 3.5:  Picture of the beam chopper stopped in the irradiation phase. 
3.3.3  High-Purity Germanium Detectors 
 The spectra are collected using an HPGe detector.  The HPGe is cooled by liquid 
nitrogen to about 77 K to limit the thermal excitation of electrons into the conduction 
band, which would otherwise introduce noise into the system.  Gamma-ray absorption is 
the only way for the valence electrons to overcome the large band gap energy.  Thus, 
HPGe detectors usually have highly accurate counting statistics. 
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Figure 3.6:  HPGe and shielding in the PGAA set-up. 
 
 The HPGe detector is behind the lead shielding, shown in Figure 3.6, to shield the 
detector radiation and decrease the noise in the system.  The detector is set-up 
perpendicular to the beam of neutrons to preserve the crystal.  The HPGE detector used in 
the experiment is a p-type crystal geometry and a relative efficiency at 1.33 MeV using a 
60Co source of 81.2%.   
3.3  SAMPLES 
 The nuclear materials that need to be detected are widespread.  However the 
samples chosen contain materials that are a proliferation risk.  The experiments utilize 
two samples—a uranium fission chamber and a MOX fuel pellet.  The uranium fission 
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chamber represents a highly enriched uranium sample.  The MOX fuel pellet was chosen 
because of the proliferation risk raised by the reprocessing of spent nuclear fuel.   
3.3.1  Fission Chamber 
 The uranium fission chamber is examined using both the beam chopper method 
and the on/off method with the beamport shutter.  The fission chamber is tall cylinder that 
is pictured in Figure 3.7. The fission chamber holds a thin layer of highly enriched 
uranium below the aluminum encasing.  One of the major peaks in the prompt and 
delayed spectrum is the aluminum peak at 1778 keV.  The aluminum peak does not 
represent a fission product and only informs us of the material that encloses the sample.  






Figure 3.7:  The aluminum enclosed uranium fission chamber.   
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3.3.2  MOX fuel pin 
 The MOX fuel pin is a mixed oxide spent nuclear fuel.  The fuel pin is a small 
cylinder with a tightly packed mixture of spent fuel, as shown in Figure 3.8.  The mixed 
oxide fuel generally refers to a mixture of more than one oxide of fissile or fertile 
materials.  Specifically the MOX fuel contains plutonium oxides and uranium.  The 
uranium in MOX fuel can be reprocessed uranium, depleted uranium or natural uranium.  
MOX fuel is useful because it can be made with weapons grade plutonium, which 
decreases the proliferation risk of the plutonium.  Plutonium can be easily extracted from 
spent MOX fuel in countries with reprocessing technology. 
 
Figure 3.8:  The MOX fuel pin. 
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Chapter 4:  Results and Discussion 
4.1  CALIBRATION 
4.1.1  Energy Calibration 
 The energy calibration for the system was started by counting a 152Eu source for 
approximately 12 hours while the reactor was off.  The sample was recorded at different 
intervals to check that the system and the electronics were not drifting.  The peaks in the 
spectrum collected were compared to the expected gamma energy values of 152Eu source.  
The channel of the peak was correlated to the expected energy.   
In order to calibrate the system for a larger energy range, a vanadium foil was 
irradiated and recorded for approximately 6 hours.  The vanadium sample produces more 
prompt gamma-rays than the 152Eu source.  The prompt gamma-rays from the vanadium 
also encompass a larger energy range than the gamma-rays from the 152Eu source.  By 
using the vanadium foil in the energy calibration, the data collection system is calibrated 
to record gamma-rays up to 7200 keV.  
The channel which the gamma-ray was recorded by the data collection system 
was correlated to the energy of the gamma-ray using the equation derived from the 152Eu 
source and vanadium samples.  A power function is fit to the data collected from the 
channel of the photopeak and the expected energy of the specific photopeak.  The 
combined vanadium and 152Eu source data is shown in Figure 4.1.  The specific equation 
relating the channel of our data acquisition system to the energy of the gamma-rays 
recorded is 






















Figure 4.1:  The power fit was used by using photopeaks from both the 152Eu source and 
vanadium foil.   
4.1.2  Resolution Calibration 
 The resolution of the peaks can be established after the energy to channel 
relationship is quantified.  Using the 152Eu source and vanadium foil spectra, the energy 
level was correlated to the full width half-maximum of each peak.  The relationship was 
described by  
 EbaFWHM +=        (4.2) 
where E is the energy of the photopeak, a and b are constants.  The full width half-
maximum of the photopeaks used in the energy calibration are plotted in Figure 4.2.  The 
relationship between the energy of the gamma-ray and the full width half-maximum of 
the photopeak is described by the following equation: 
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Figure 4.2:  The resolution calibration was obtained by using photopeaks from a 152Eu 
source and vanadium foil.   
4.1.3  Efficiency Calibration 
 The 152Eu source and vanadium foil are also used for the efficiency calibration of 
the system.  By calculating the activity of the 152Eu source, the number of gamma-rays 
released per energy level can be calculated using the absolute yield and the counting 
time.  The actual number of gamma-rays at a specific energy level is divided over 
expected number of gamma-rays at that energy level to give the efficiency of the detector 
at that energy level.  The efficiency is calculated for each of the expected photopeaks for 
152Eu source and a curve is fit to the data.  Equation (2.7) can be rearranged to calculate 







=         (4.4) 
 Using a vanadium photopeak that falls between two similar energy gamma-rays 
from the 152Eu source, the efficiency of the detector at the energy level of the vanadium 
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photopeak is found through linear extrapolation.  By rearranging equation (4.4), the 
activity for vanadium foil is calculated.  Using the calculated activity and equation (4.4), 






















Figure 4.3:  The detector efficiency utilizing the 152Eu source and vanadium foil spectra. 
4.2  PROMPT GAMMA-RAYS 
 The MOX fuel pellet is a dense sample, which exhibits self-shielding. The self-
shielding of the sample, an attribute of plutonium and uranium, is noticeable in both the 
prompt and delayed spectra.  The MOX sample produces a smooth line with no major 
photopeaks when counted during irradiation, as shown in Figure 4.4.  The smooth prompt 
spectrum is similar to the delayed spectrum even when recorded for hours after 


























Figure 4.4:  The prompt spectrum of the MOX fuel pellet.  Counting time was 1 hour. 
 
The MOX fuel pellet data can also be compared to the plutonium data collected 
by Verbinkski, Weber, and Sund [17].  The empirical relationships expressed in 
equations (2.10) and (2.11) [18, 30] are for uranium samples, but both relationships are 
frequently used for other nuclear materials like 239Pu and 252Cf.  As shown in Figure 4.5, 
both of the empirical relationships fit the MOX fuel pellet data well.  The Verbinski, 
Weber, and Sund data is collected for a 239Pu source [17].  Therefore, it is not surprising 




































Figure 4.5:  The experimental data collected by Verbinski, Weber, and Sund [17] is 
compared to the data from the MOX fuel pellet.  The empirical relationships 
expressed in equations (2.10) and (2.11) are compared to the plutonium 
data.   
 
 The highly enriched uranium source has a few peaks attributed to prompt gamma-
rays during irradiation.  The spectrum, shown in Figure 4.6, shows the spectrum of the 
uranium sample that was counted during the irradiation of the sample.   The aluminum 
peak at 1778 keV was removed from the spectrum because it overwhelmed the rest of the 



















Figure 4.6:  The prompt spectrum of a highly enriched uranium source.   
 
 The spectrum from the highly enriched uranium sample matched the data 
collected by Verbinski, Weber, and Sund, which also was collected using a highly 
enriched uranium foil [17] and the two empirical relationships expressed in equations 
(2.10) and (2.11).  Figure 4.7 shows the binned uranium data in comparison to the 
























Figure 4.7:  The highly enriched uranium data is shown in contrast to other 
experimentally collected data [17] and two empirical fits [18, 30]. 
4.3  DELAYED GAMMA-RAYS 
 There were two methods used to capture the delayed gamma-rays of the short 
lived fission products created in the samples.  The first was the on and off method, which 
allowed the sample a counting time of one minute to five minutes after irradiation.  The 
beam chopper was used for shorter time intervals.  The beam chopper allowed the 
examination of delayed gamma-rays of fission products with short lived half lives.  
 The fission chamber was irradiated for approximately one hour to allow the build-
up of fission products in the sample.  The spectrum shown in Figure 4.8 displays the 
results from the uranium sample recorded for approximately one second after 
approximately half a second of irradiation.  This cycle of irradiation on/counting off and 
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counting on/irradiation off continued for approximately two hours.  The large peak at 
1778 keV from the aluminum casing was subtracted out of the spectra to showcase the 




Figure 4.8:  The uranium sample with a cycle of half a second in the beam followed by 1 
second of counting.  The spectrum was collected over a 2 hour period.   
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The peaks from the spectrum were identified and gamma-ray production for 
fission products were examined.  The gamma-rays from the fission products were 
assigned to the different peaks.  The majority of the peaks are composed of gamma-rays 
from multiple nuclides.  The full spectrum and photopeak identification are shown in 
Table 4.1.   Appendix A has a similar table with the classification of the energy peaks by 
nuclide.  There were 27 peaks attributed to gamma-rays from a single nuclide.  Only 7 of 
the single nuclide peaks are also in the prompt spectrum of the uranium sample.   
 
Table 4.1:  The list of peaks by energy and the fission products that have gamma-rays 
that comprise the peak for the data collected using the beam chopper 
method.   
Energy 
(keV) Nuclides 
107.35 138mCs, 103Y 
120.52 99Sr, 140Xe, 103Zr, 147La, 96Sr, 99Y, 100Y, 99Kr 
136.25 102Mo, 94Kr 
138.73  103Nb, 105Nb 
142.55 92Kr, 79Ga, 74Zn, 124Cd 
149.26 103Y, 105Nb, 102Sr, 102Mo, 103Zr, 103Y 
164.17 145La, 103Zr, 157Pm, 152Pr, 115Rh, 101Sr, 154Pr 
175.83 80Zn, 145Cs, 160Eu 
186.44 94Kr, 147La 
191.6 142Xe, 111Rh, 153Pr, 105Nb, 94Kr, 143Cs, 108Nb 
206.07 101Zr, 109Ru 
211.86 111Ru, 113Ru, 102Mo, 140Xe, 100Y, 143Ba, 93Rb 
219.33 93Rb, 94Kr 
232.41 143Cs, 105Nb 
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Table 4.1 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the beam 
chopper method.   
242.94 87Se, 137Te, 145Cs, 110Tc, 90Kr, 108Tc 
255.65 102Sr, 153Nd 
259.26 88Se, 103Y, 80Ge 
277.61 96Sr 
296.99 102Nb, 97Y 
307.5 97Sr, 146Cs, 105Nb, 111Ru, 83Ge 
312.87 80Zn, 121Ag 
317.23 114Rh, 94Kr, 92Kr 
345.34 153Nd, 85Se, 91Rb 
352.39 95Rb, 145La, 121Ag 
358.58 142Cs, 102Mo, 145La, 94Kr, 137Te, 109Ru 
382.05 111Ru, 86Se 
388.55 115mAg, 112Rh, 144Ba, 99Zr 
398.03 116Rh, 102Nb, 91Kr 
402.54 117Pd, 102Nb 
408.37 112Tc, 88Se 
417.6 145Ba, 97Rb, 153Nd 
424.62 110Tc, 109Ru 
431.54 76Cu, 75Zn, 143Ba, 144Ba, 93Rb 
435.26 145Cs, 125Cd 
440.99 101Nb 
455.24 103Nb, 145Cs 
462.99 116In, 128Cd, 101Sr, 80Zn, 124Ag, 106Mo, 99Zr,  
469.44 99Zr, 137Te, 87Se 
499.97 121Ag, 100Zr, 103Tc 
505.58 120Ag, 103Nb, 91Kr, 106Mo 
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Table 4.1 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the beam 
chopper method.   
529.84 96Sr, 81Ga 
535.99 99Y, 88Sr, 123In, 124Ag 
541 112Rh, 141Xe, 144Ba, 90Kr 
546.76 145Cs, 99Zr, 92Kr 
551.58 102Nb, 137Te 
555.73 141Cs 
566.57 80Zn, 140I, 78Ga 
578.43 95Rb, 99Y 
586.1 80Ga, 141Cs, 108Nb 
590.62 108Nb, 101Sr 
595.57 96Sr, 106Mo, 94Kr 
602.87 99Y, 137Te 
613.52 99Y, 80Zn, 100Y, 91Kr, 124Ag 
622.05 100Nb, 98mY, 140Xe 
642.01 80Zn, 103Nb 
647.72 98mY, 98Nb 
654.06 102Nb, 97Sr, 82As, 140Xe 
658.61 135Sb, 80Ga, 143Cs 
686.46 80Zn, 117mAg, 95Sr, 97Rb, 126Cd 
691.84 96Rb, 141Cs 
697.37 120Ag, 97Sr, 94Kr 
710.75 81Ga, 137Te, 80Zn, 87Se, 93Rb 
724.7 99Y 
735.76 80Zn, 146Cs 
743.26 80Zn, 102Y, 123Ag, 116Rh 
751.08 98mY, 145Cs 
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Table 4.1 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the beam 
chopper method.   
767.89 100Nb, 94Kr, 129In 
775.48 88Br, 140Xe 
780.94 101Zr  
787.86 98Nb 
793.85 154Pr, 81Ge 
799.39 97Sr, 88Br, 143Ba 
809.51 96Sr, 140Xe 
816.14 120Ag, 92Rb, 96Rb, 121Ag 
824.93 160Eu, 90mRb, 95Sr 
832.03 90Rb, 90mRb 
837.07 94Rb, 124Ag 
840.24 98mY  
847.2 102Nb, 111Ru 
857.55 128Cd, 133In 
864.62 100Y 
876.46 92Kr, 100Y 
888.63 109Ru, 155Nd 
895.3 154Pr, 143Ba, 137Te 
913.5 136mI, 101Zr 
919.18 96Y, 121In 
933.27 146Cs, 154Pr, 96Sr, 80Ge 
943.72 95Sr 
948.67 122In, 102Nb 
953.89 97Sr, 89Br 
970.06 100Nb, 124In 
1000.99 101Sr, 160Eu, 89Br 
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Table 4.1 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the beam 
chopper method.   
1010.4 143Ba, 80Ge, 80Ga, 109Ru, 129In 
1032.29 125In, 102Sr 
1079.08 82As, 144Cs 
1096.8 89Br, 100Y 
1103.33 97Y, 102Sr 
1118.82 108Tc, 90Kr, 80Ge, 144Cs 
1131.8 123In, 124In 
1137.26 129In, 140Xe 
1147.77 141Cs 
1218.45 92Kr 
1223.64 98Y, 98mY,110Tc 
1260.58 95Rb, 97Sr 
1268.39 135Sb, 111Ru 
1278.85 134Sb, 95Sr, 142Cs, 100mNb 
1293.62 97Y, 95Sr 
1304.51 87Se, 109Ru, 160Eu 
1313.31 80Ga, 136mI, 136I, 240Xe 
1333.17 124Ag, 80Zn, 125In 
1384.13 92Rb, 160Eu, 93Rb 
1391.5 110Tc, 122In, 86Br  
1400.14 97Y, 111Ru 
1413.82 140Xe, 110Tc, 83Ge 
1428.01 94Sr, 85Se 
1435.96 83Ge, 138mCs 
1501.93 100Nb, 91Kr, 80Zn, 109Ru 
1525.05 83Ge, 144La  
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Table 4.1 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the beam 
chopper method.   
1537.72 90Kr 
1564.63 80Ge, 133In 
1577.4 94Rb, 88Br, 110Tc 
1633.19 102Nb 
1677.91 80Ga, 104Tc, 77mGe 
1750.77 96Y  
1806.68 110Tc, 95Y, 93Rb 
1835.81 135Sb, 98Rb 
1904.35 97Sr 
1970.91 82As, 91Rb, 146Cs 
2005.19 133In, 87Br 
2015.6 144Cs 
2175.61 144Cs 




2441.73 100Y, 81Ga 





2752.73 86Br, 91Kr 
2820.86 92Rb  
2942.49 98Y  
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Table 4.1 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the beam 
chopper method.   
2960.46 136I 
3287.48 97Y 
3400.9 97Y, 85Se 
3599.63 91Rb 
4019.91 93Rb  
4134.49 90Rb  
4642.49 92Rb, 90Rb 
 
The spectrum, shown in Figure 4.9, shows the uranium sample counted for one 
minute while the shutter was closed and irradiated for one minute between counting.  
Since the beam port shutter takes approximately 2 seconds to completely close or open, 
the fission products with extremely short half lives are not able to be examined using this 
method.  The large peak at 1778 keV ignored in the data analysis because it is due to the 
aluminum casing of the sample. 
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Figure 4.9:  The uranium sample with an irradiation time of one minute and a counting 
time of one minute.   
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 The full list of peaks in the spectra are listed in Table 4.2  The fission products 
with cumulative yields above 10-4 and gamma yields above 1% absolute yield were 
considered.  The nuclides that comprise each peak are listed in the table.  There are 62 
peaks in the on/off fission chamber spectrum that are attributed to a single nuclide.  A 
table containing the peak energy by nuclide is in Appendix B. 
 
Table 4.2:  The list of peaks by energy and the fission products that have gamma-rays 
that comprise the peak for the data collected using the on/off method.   
Energy 
(keV) Nuclides 
87.35 151Nd 155Nd 149Ce  
92.14 91Rb 116Pd 145Ba 81Ge  
96.76 99mNb 159Eu 113Pd 145Ba 
102.52 132Sb 148Ce   
107.82 91Kr 153Nd 149Pr  
120.39 90Kr 140Xe 148Ce  
136.67 117mAg 117Ag 103Tc  
139.23 151Nd 149Pr   
144.04 96mY 159Eu 149Ce  
150.39 132Sb 130Sn   
157.31 117mAg 117Ag   
163.94 145Ba 145La    
166.35 149Pr 134Sb   
169.1 93Sr 151Nd   
175.63 160Eu 156Pm 75Ga  
182.35 130mSb 155Nd 146La  
186.29 155Nd    
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
190.87 138mCs 101Mo 130Sn 145Ba 
192.75 138mCs 101Mo 130Sn 128Sb 
197.69 136mI 157Sm   
205.94 117mAg 109Ru   
211.45 143Ba 103Tc   
219.43 117mAg 89Kr 129mSn 155Nd 
225.87 109Ru    
232.13 142Ba 145Ce   
242.81 138Xe 90Kr 152mPm 87Se 
247.47 115Pd    
250.67 75Ga 120In   
255.61 142Ba 143Ba 151Nd  
259.11 138Xe 93Sr 121In 146La 
264.63 80Ge 129mSn   
270.01 106Tc 148Ce 113Pd  
277.82 132Sb    
285.5 145Ce 153Nd   
291.23 143Ba 132Sb 146La 148Ce 
297.08 117mAg 134Sb   
302.22 148Pr    
304.59 115Pd    
307.37 117mAg 142Ba 129mSn  
312.62 117Ag  128Sb   
317.03 149Pr 157Sm    
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
325.69 148Ce 109Rh   
333.93 87Se 149Pr   
344.41 85Se 153Nd 103Tc 115Pd 
346.33 91Rb 136mI 93Sr 103Tc 
351.86 99mNb 145Ce 148Ce  
358.12 104Tc 109Ru 83Se  
364.54 96mY 142Ba   
369.84 136mI 110Rh 130mSb  
381.87 136mI 86Se 132Sb 145Ba 
388.8 103Tc 81As   
394.07 157Sm 137Xe     
397.81 91Kr 138Xe 144La 115Pd 
402.79 103Tc    
408.14 101Mo 155Pm 146La  
417.78 153Nd 145Ba 155Nd  
424.62 109Ru 142Ba 145Ce 151Nd 
431.31 95Y    85Se 143Ba  
435.05 138Xe    143Ba 130Sn  
440.23 91Rb 145Ce 110Rh  
451.32 99mNb   148Pr   
455.25 137Xe   146La 143La  
462.88 138mCs 113Pd     
468.25 117Ag 81As    130mSb 87Se 
475.56 102Tc 153Nd     
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
482.96 136mI 113Pd      
492.26 81As 74Ga    145Ba  
498.76 101Mo  89Kr 132Sb 130mSb 
506.1 91Kr    101Mo 129mSn  
530.09 87Br 104Tc   
535.83 99mNb  104Tc   
540.97 90Kr 144La 100Tc  
546.64 110Rh   154Pm   138Cs   145Ba 
551.1 130Sn    102Nb     
555.42 91Kr    90Kr 140Xe 141Cs 
562.07 141Cs    103Tc    76Ga    
566.43 78Ga       
578.31 75Ga 68Cu    129Sn    
586.06 89Kr    144La 151Nd 141Cs 
590.6 101Mo  93Sr 100Tc  
595.92 91Rb 74Ga      
602.78 91Rb 140Cs 129mSn  
607.92 101Mo  74Ga    85Se 140Xe 
613.15 91Kr    148Pr   
621.86 140Xe 143La    78Ga  
627.09 139Cs 102Tc   
631.37 99mNb  102Tc   
636.44 148Pr 132Sb    102Tc   120In    
641.89 101Mo  131Sb    143La  
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
647.54 129Sn 130mSb     
658.12 89Rb 148Pr 121In 131Sb 
667.2 80As 146La      
677.3 151Nd 159Eu      
686.02 95Sr 117mAg   
697.2 101Mo    148Pr 132Sb  
710.55 93Sr    134Sb   
719.65 148Pr 143Ba 83Se  
724.46 145Ce 155Pm      
735.7 83As    144La 151Nd  
739.11 89Kr    151Nd   
743.17 128Sb 130Sn      
775.41 88Br 140Xe   
780.15 152mPm  130Sn 155Pm  
787.76 128Sb    
793.64 130mSb 81Ge      
799 143Ba 151Nd 83Se  
805.62 85Br 88Br 140Xe 159Eu 
816.88 133Sb 132Sb    130mSb   
831.79 90Rb 87Br 90mRb  
839.66 85Se    142Ba 110Rh 130mSb 
846.89 144La 102Nb      
857.57 145Ce    
864.13 120In    85Br    102Tc    
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
867.86 74Ga 89Kr   
871.36 101Mo  138mCs  138Cs    
876.16 93Sr    81Ge      
884.16 104Tc 75Ga   
888.61 93Sr    83Se   
895.18 104Tc 142Ba 143Ba  
904.96 89Kr    110Rh      
908.55 140Cs    121mIn   
913.26 136mI 96mY   
918.88 85Br 121In      
925.5 140Xe 143Ba 121In 146La 
933.03 101Mo  80Ge 156Pm 131Sb 
943.44 87Br 85Se 131Sb  
948.48 91Rb 89Rb    142Ba  
953.62 95Y    85Se 155Nd  
969.43 154Pm   153Nd      
974.43 89Kr    132Sb      
980.07 143Ba    
989.88 140Xe 83mSe    157Sm    
1000.95 74Ga 142Ba   
1010.12 101Mo  109Ru 143Ba  
1017.52 90Kr 151Nd 130mSb  
1023.72 87Br 91Kr   
1031.92 89Rb 83mSe      
 59
Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
1041.14 91Rb 121Cd   128Sb  121mIn    
1061.08 90Rb 90mRb   
1078.62 68Cu    142Ba   
1095.89 133Sb 142Ba 152mPm  
1102.73 91Kr    102Tc 121mIn  
1108.07 91Kr    96mY 89Kr 145Ce 
1118.44 86Se    80Ge    121mIn  
1123.8 93Sr    151Nd   131Sb  
1131.19 129mSn    
1137.38 91Rb 91Kr 140Xe  
1147.43 156Pm 154Pm   145Ce   141Cs 
1160.78 101Mo   128Sb    129mSn    
1196.96 102Tc 143Ba   129Sn    141Cs 
1203.49 74Ga 85Se 100Tc 142Ba    
1217.55 86Br    
1225.39 96mY       
1248.24 89Rb 75Ga    148Pr     
1260.33 68Cu    80Ge 156Pm    
1268.26 93Sr       
1277.79 95Sr 86Se 134Sb     
1283.03 139Cs    
1293.97 102Tc 80As      
1304.6 133Sb 101Mo 109Ru  
1312.92 136I 136mI 140Xe  
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
1322.1 136I 95Y 89Kr  
1333.03 83As    74Ga      
1375.98 90mRb     
1383.75 88Rb    160Eu      
1413.86 87Br 140Xe      
1420.16 87Br 139Cs      
1427.55 85Se    94Sr      
1435.52 138Cs    138mCs  152mPm  
1464.84 86Br 157Sm     
1473.23 89Kr       
1501.63 89Kr    109Ru   
1524.66 144La       
1532.07 101Mo  89Kr   
1537.4 89Rb 90Kr 109Ru  
1551.15 133Sb    
1564.39 86Br 80Ge      
1577.8 87Br 88Br      
1597.82 101Mo  104Tc   
1613.95 91Rb 137Xe 102Tc 104Tc    
1634.09 102Nb   140Cs      
1664.89 90mRb     
1676.84 68Cu    104Tc   
1694.07 89Kr       
1698.31 93Sr       
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
1727.66 133Sb 85Br      
1740.44 91Rb 136mI      
1750.34 96mY       
1756.5 109Ru    
1768.1 138Xe      
1806.48 95Y       
1835.93 87Br 88Rb    109Ru  
1851.57 91Rb 140Cs   
1901.63 89Kr       
1939.32 95Y    74Ga    89Kr  
1970.49 91Rb 106Tc    144La  
1996.42 117Ag    
2004.88 87Br 138Xe   
2014.88 138Xe   117Ag   
2031.25 101Mo     
2040.01 101Mo     
2077.84 83As       
2100.9 140Cs    81As    89Kr  
2127.47 90mRb     
2174.96 95Y       
2195.38 89Rb    
2217.31 138Cs       
2237.62 86Se    99mNb 140Cs 106Tc    
2246.74 95Sr 117Ag   102Tc    
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
2252.39 138Xe      
2289.45 136I    
2330.21 140Cs       
2349.58 86Br 139Cs      
2414.95 136I 133Sb      
2441.68 86Se       
2483.67 91Kr    84Br      
2521.62 140Cs       
2542.75 99mNb     
2563.72 91Rb       
2569.43 89Rb    
2631.82 95Y       
2639.2 99mNb     
2662.02 86Se       
2706.02 87Br 89Rb      
2716.05 95Sr    
2751.87 90mRb   86Br      
2849.58 137Xe   99mNb   
2866.6 136I   89Kr   
2924.75 91Rb    
2932.67 95Sr    
2997.22 87Br       
3112.55 91Kr       
3303.51 90Rb       
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Table 4.2 continued:  The list of peaks by energy and the fission products that have 
gamma-rays that comprise the peak for the data collected using the on/off 
method.   
3316.31 90mRb     
3382.57 90Rb    
3533.57 90Rb 89Kr   
3575.06 95Y       
3599.05 91Rb    
3927.61 84Br       
4077.14 91Rb    95Sr     
4134.45 90Rb    
4180.23 87Br       
4364.94 90Rb     
4645.76 90Rb       
 
 The MOX fuel pellet was irradiated for about 30 minutes to allow the fission 
products to build-up during the sample.  During the longer irradiation, the sample was not 
counted.  After the fission products were allowed to build-up, the shutter was closed, the 
irradiation was halted, and the counting started.  Figure 4.10 shows the spectrum of the 
sample counted for two hours following the sample irradiation.  The MOX fuel pellet 
spectra were very similar for the beam chopper, on/off method for various times between 





















Figure 4.10:  The delayed spectra of the MOX fuel pellet. 
 
4.4  ORIGEN 
 ORIGEN-ARP [36] was used to calculate the fission products that have the 
highest activity in the spectrum during several different time scenarios—1 second, 10 
seconds, 1 minute, 1 hour and 8 hours after irradiation.  Using ORIGEN-ARP, a small 
sample of 235U was irradiated.  The concentrations of fission products were recorded 
based on the amount of time the sample was recorded during decay.   
 The fission products were ordered based on their activity in Becquerel for a given 
recorded decay time.  The absolute yield of the primary gamma-ray energy for each 
fission product were considered when ordering the nuclides that should be represented in 
the delayed gamma spectra.   
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Table 4.3:  Fission products with the highest activity for a sample that was recorded for 1 
second after irradiation.   




Present in beam 
chopper spectrum? 
97Sr 429 ms 1905 25 Yes 
98Y 0.548 s 1223 36 Yes 
99Zr 2.1 s 469.137 55.2 Yes 
142Cs 1.70 s 359.598 27.2 Yes 
96Sr 1.07 s 122.297 76.5 Yes 
95Rb 377.5 ms 204 15.092 Yes 
101Zr 2.3 s 205.7 6.1 Yes 
98Sr 0.653 s 119.353 73 No 
99Y 1.470 s 121.761 46.9 Yes 
Table 4.4:  Fission products with the highest activity for a sample that was recorded for 
10 seconds after irradiation..   
Radionuclide Half-Life Primary Gamma-
Ray Energy (keV) 
Absolute 
Yield 
97Y 3.75 s 3287.6 18.1
92Rb 4.492 s 814.98 33
99Zr 2.1 s 469.137 55.2
100Nb 1.5 s 535.666 45.7
100Zr 7.1 s 400.48 19.2
102Nb 1.3 s 296 79.38
142Cs 1.70 s 359.598 27.2
96Sr 1.07 s 122.297 76.5
101Zr 2.3 s 205.7 6.1
Table 4.5:  Fission products with the highest activity for a sample that was recorded for 1 
minute after irradiation.  
Radionuclide Half-Life Primary Gamma-
Ray Energy (keV) 
Absolute 
Yield 
Present in on/off 
spectrum? 
94Sr 75.3 s 1427.7 94.2 Yes 
93Sr 7.423 min 590.238 68 Yes 
140Cs 63.7 s 602.35 52.5 No 
100Nb 1.5 s 535.666 45.7 Yes 
137Xe 3.818 min 455.49 31.2 No 
138Xe 14.08 min 258.411 31.5 No 
95Y 10.3 min 954 15.8 Yes 
98Nb 2.86 s 787.4 13 No 
139Cs 9.27 min 1283.23 8.3 No 
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Table 4.6:  Fission products with the highest activity for a sample that was recorded for 1 
hour after irradiation. 
Radionuclide Half-Life Primary Gamma-
Ray Energy (keV) 
Absolute 
Yield 
94Sr 75.3 s 1427.7 94.2
93Sr 7.423 min 590.238 68
140Cs 63.7 s 602.35 52.5
100Nb 1.5 s 535.666 45.7
137Xe 3.818 min 455.49 31.2
138Xe 14.08 min 258.411 31.5
95Y 10.3 min 954 15.8
98Nb 2.86 s 787.4 13
139Cs 9.27 min 1283.23 8.3
Table 4.7:  Fission products with the highest activity for a sample that was recorded for 8 
hours after irradiation. 
Radionuclide Half-Life Primary Gamma-
Ray Energy (keV) 
Absolute 
Yield 
134I 52.5 min 847.025 95.4
138Cs 33.41 min 463 98
93Sr 7.423 min 590.238 68
94Y 18.7 min 918.74 56
134Te 41.8 min 767.2 29.5
137Xe 3.818 min 455.49 31.2
138Xe 14.08 min 258.411 31.5
95Y 10.3 min 954 15.8
139Cs 9.27 min 1283.23 8.3
 
 The ORIGEN-ARP results were used to start the identification of the peaks in the 
uranium spectrum.  Although some of the primary gamma-rays have energies that are in 
the x-ray range and therefore not recorded by the system, the ORIGEN-ARP data 
provided a starting point for the fission product identification.   
4.5  DETECTION LIMITS 
 The minimum amount of 235U necessary to locate the photopeak of a gamma-ray 
95% of the time was calculated for the peaks attributed to a single fission product.  Using 
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equation (2.15) with k=1.645 and the limiting mean of the blank is the continuum counts 
at the peak energy, the detection limit in counts is calculated.  Assuming the activity of 









≈       (4.5) 
where φ  is the flux of the reactor, σf is the fission cross section of 235U, m is the mass of 
235U in grams, Na is Avogadro’s Number, MW is the molecular weight of  235U, and χi the 
fission yield of the specific fission product.  Therefore, we can relate the detection limit 









==      (4.6) 
By solving for the mass of 235U, the minimum amount of 235U to detect a given fission 





MWLm ⋅=        (4.7) 
For the calculations, the flux of the reaction in beamport three is 6104×  n·cm-2·s-1 [33], 
but we had to consider that the beam chopper allows irradiation for only a quarter of the 
time.   
Using equation (4.7), the minimum amount of 235U necessary to detect a specific 
peak 95% of the time was calculated.  The equation provides the amount in grams 
necessary to produce enough of the fission product to release enough gamma-rays of a 
specific energy.  Table 4.8 shows the amount of 235U need in grams to be able to detect 
the peak created by the gamma-ray emitted by the fission product in 95% of the spectra 
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collected.  The detection limits in Table 4.8 are only applicable to the set-up at The 
University of Texas using the beam chopper method.  The prompt method only account 
for 7 of the 27 peaks, and the mass of uranium necessary for the peaks to be present in the 




















Table 4.8:  The peaks are correlated to the fission products with gamma-rays that 




needed (g) Error 
277.61 96Sr 12.89 0.760
440.99 101Nb 19.39 9.720
555.73 141Cs 30.69 2.663
724.7 99Y 13.91 1.131
780.94 101Zr 83.62 9.361
787.86 98Nb 7.13 0.566
840.24 98mY 84.50 4.736
1147.77 141Cs 67.82 7.816
1218.45 92Kr 6.07 0.482
1293.62 97Y 19.10 1.903
1537.72 90Kr 12.45 1.902
1633.19 102Nb 6.74 1.115
1750.77 96Y 29.74 8.229
1904.35 97Sr 5.09 1.989
2015.6 144Cs 266.30 30.861
2175.61 144Cs 277.05 100.340
2289.46 136I 14.11 9.949
2415.64 136I 22.78 12.035
2590.69 91Kr 217.40 349.380
2631.28 134Sb 5.58 1.207
2639.33 100Y 8.11 0.959
2717.38 95Sr 14.34 14.337
2942.49 98Y 9.79 10.012
2960.46 136I 165.49 168.833
3287.48 97Y 3.95 1.958
3599.63 91Rb 5.64 1.736
4019.91 93Rb 165.88 167.320




Chapter 5:  Conclusions and Recommendations 
 The traditional prompt gamma activation analysis of a uranium sample provides 
only a few peaks to identify a sample as uranium.  The majority of the peaks in the 
prompt uranium spectrum are attributed to fission products.  However, counting the 
sample while the beam was blocked allowed the spectral peaks produced by the short-
lived fission products to stand out in the spectrum.  The detection limits of the peaks 
attributed to a single nuclide in the beam chopper spectrum were calculated to provide a 
comparison between gamma-rays at different energy levels.   
The detection limits also allowed the examination of the technique as a practical 
security application.  The current IAEA safeguards “significant quantities” of uranium, 
which is currently 25 kg of uranium that is over 20% enriched [37].  The NRDC 
recommends safeguards enriched uranium over 3 kg.  There are 27 peaks attributed to a 
single fission product in the beam chopper spectrum that require significantly less than 
that amount to detect the peak 95% of the time.  There peaks require less than 0.3 kg of 
235U, which is below the proposed “significant quantity” of enriched uranium set by the 
NRDC.   
The MOX fuel pellet produced prompt and delayed spectra without any viable 
peaks.  Further investigations of the shielding properties of the sample are necessary.  
One of the obvious next steps would be to examine the fission product spectra for a 
plutonium foil sample.  The IAEA requirements states that a “significant quantity” of 
plutonium is over 8 kg [37].    Judging from the detection limits of the uranium sample, 
the detection of plutonium could be easily quantified with the fission product spectrum.   
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 In the future, uranium samples with different enrichment levels could be 
examined. In order to quantify enrichment using only a delayed spectrum, the ratio 
between different fission products could be examined.  238U is a fertile material that 
converts to 239Pu.  Through comparison of the 239Pu fission yields, the ratios could be 
possibly be differentiated.   
 Other future work includes deconstructing individual peaks with multiple nuclide 
composition.  This would be completed using fission product yields, gamma-ray yields, 
the area of the peak in question, and the area of the peaks attributed to single nuclides.  
This process would aid in the enrichment ratios by allowing a larger number of fission 





Fission products with corresponding peaks from the spectrum collected using the beam 
chopper.   
 
Isotope Half-Life Energy Levels 
(keV) 
74Zn 95.6 s 142.55 
75Zn 10.2 s 431.54 
76Cu 0.641 s 431.54 
77mGe 52.9 s 1677.91 
78Ga 5.09 s 566.57 
79Ga 2.847 s 142.55 
80Zn 0.545 s 175.83, 312.87, 462.99, 566.57, 613.52, 642.01, 686.46, 
710.75, 735.76, 757.33, 1333.17, 1501.93 
80Ge 29.5 s 933.27, 1010.4, 1118.82, 1564.63 
80Ga 1.697 s 586.10, 658.61, 1010.40, 1313.31, 1677.91 
81Ga 1.217 s 529.84, 710.75, 2441.73 
81Ge 7.6 s 793.85 
82As 19.1 s 654.06, 1079.08, 1970.91 
83Ge 1.85 s 307.5, 1413.82, 1435.96, 1525.05, 2196.02, 3033.77 
85Se 31.7 s 345.34, 1428.01, 3400.90 
86Se 15.3 s 382.05 
86Br 55.0 s 1391.5, 2752.73 
87Br 55.60 s 2005.19 
87Se 5.29 s 242.94, 469.44, 710.75, 1304.51 
88Se 1.52 s 259.26, 408.37 
88Br 16.5 s 775.48, 799.39, 1577.40 
89Br 4.40 s 953.89, 1000.99, 1096.80 
89Rb 15.15 min 2196.02, 2570.18 
90Kr 32.2 s 120.52, 242.94, 541.0, 1118.82, 1537.72 
90mRb 258 s 824.93, 832.03 
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90Rb 158 s 832.03, 4134.49, 4642.49 
91Rb 58.4 s 345.34, 1970.91, 3599.63 
91Kr 8.57 s 398.03, 505.58, 613.52, 1501.93, 2590.69, 2752.73 
92Kr 1.840 s 142.55, 317.23, 546.76, 876.46, 1218.45 
92Rb 4.492 s 816.14, 1384.13, 2820.86, 4642.49 
93Rb 5.84 s 211.86, 219.33, 431.54, 710.75, 1384.13, 1806.68, 4019.91 
94Kr 0.20 s 136.25, 186.44, 191.6, 219.33, 317.23, 358.58, 595.57, 
697.37, 767.89,  
94Rb 2.702 s 837.07, 1577.40 
94Sr 75.2 s 1428.01 
95Rb 377.5 ms 352.39, 578.43, 1260.58 
95Sr 23.90 s 686.46, 824.93, 943.72, 1278.85, 2717.38 
95Y 10.3 min 1806.68 
96Sr 1.06 s 120.52, 277.61, 529.84, 595.57, 809.51, 933.27 
96Rb 0.199 s 691.84, 816.14 
96Y 5.34 s 919.18, 1750.77 
97Y 3.75 s 296.99, 1103.33, 1293.62, 1400.14, 3287.48, 3400.90 
97Sr 426 ms 307.5, 654.06, 697.37, 799.39, 953.89, 1260.58, 1904.35 
97Rb 169.9 ms 417.60, 686.46 
98mY 2.0 s 622.05, 647.72, 840.24, 1223.64 
98Nb 2.86 s 647.72, 787.86 
98Rb 114 ms 1835.81 
98Y 0.548 s 1223.64, 2942.49 
98mY 2.0 s 751.08 
99Sr 270 ms 120.52, 535.99 
99Y 1.470 s 120.52, 535.99, 578.43, 602.87, 613.52, 724.7,  
99Zr 2.1 s 388.55, 462.99, 469.44, 546.76 
100Y 0.94 s 120.52, 211.86, 613.52, 864.62, 876.46, 1096.8, 2439.39, 
2639.33 
100Nb 1.5 s 535.99, 622.05, 767.89, 970.06, 1501.93 
100mNb 2.99 s 1278.85 
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100Zr 7.1 s 499.97 
101Sr 118 ms 164.17, 462.99, 590.62, 1000.99 
101Zr 2.3 s 206.07, 780.94, 913.50 
101Nb 7.1 s 440.99 
102Mo 11.3 min 136.25, 149.26, 211.86, 358.58 
102Sr 69 ms 149.26, 255.65, 1103.33 
102Nb 1.3 s 296.99, 398.03, 402.54, 551.58, 654.06, 847.20, 948.67, 
1633.19 
102Y 0.3 s 743.26 
103Tc 54.2 s 499.97 
103Y 0.23 s 107.35, 149.26, 259.26 
103Zr 1.3 s 120.52, 149.26, 164.17 
103Nb 1.5 s 138.73, 242.94, 455.24, 505.58, 642.01 
104Tc 18.3 min 1677.91 
105Nb 2.95 s 138.73, 149.26, 191.6, 232.41, 307.5 
106Mo 8.4 s 462.99, 505.58, 595.57 
108Nb 0.19 s 191.60, 585.10, 590.62 
108Tc 5.17 s 242.94, 1118.82 
109Ru 34.5 s 206.07, 358.58, 424.62, 888.63, 1010.40, 1304.51, 1501.93 
110Tc 0.92 s 242.94, 424.62, 1223.64, 1391.5, 1413.82, 1577.40, 
1806.68 
111Rh 11 s 191.60 
111Ru 2.12 s 211.86, 307.50, 382.05, 847.2, 1268.39, 1400.14 
112Rh 2.1 s 388.55, 541.00 
112Tc 0.28 s 408.37 
113Ru 0.80 s 211.86 
114Rh 1.85 s 317.23 
115Rh 0.99 s 164.17  
115mAg 18.0 s 388.55 
116Rh 0.68 s 398.03, 743.26 
116In 14.10 s 462.99 
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117Pd 4.3 s 402.54 
117mAg 5.34 s 686.46 
120Ag 1.23 s 505.58, 697.37, 816.14 
120In 3.08 s 2392.17 
121Ag 0.78 s 312.87, 352.39, 499.97, 816.14 
121In 23.1 s 919.18 
122In 1.5 s 948.67, 1391.5 
123Ag 0.309 s 743.26 
123In 5.98 s 535.99, 1131.8 
124Cd 1.25 s 142.55 
124Ag 0.172 s 462.99, 535.99, 613.52, 837.07, 1337.17 
124In 3.11 s 970.06, 1131.80 
125Cd 0.65 s 435.26 
125In 2.36 s 1032.29, 1333.17 
126Cd 0.506 s 686.46 
128Cd 0.34 s 462.99, 857.55 
129In 0.61 s 767.89, 1010.40, 1137.26 
133In 180 ms 857.55, 1564.63, 2005.19 
134Sb 0.78 s 1278.85, 2631.28 
135Sb 1.68 s 658.61, 1268.39, 1835.81, 2570.18 
136mI 46.9 s 913.5, 1313.31 
136I 83.4 s 1313.31, 2289.46, 2415.64, 2960.46 
137Te 2.49 s 242.94, 358.58, 469.44, 551.58, 602.87, 710.75, 895.30 
138mCs 2.90 min 107.35, 1435.96 
140I 0.86 s 566.57 
140Xe 13.60 s 120.52, 211.86, 622.05, 654.06, 775.48, 809.51, 1137.26, 
1313.31, 1413.82,  
141Xe 1.73 s 541.00 
141Cs 24.94 s 555.73, 586.1, 691.84, 1147.77 
142Xe 1.22 s 191.60 
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142Cs 1.70 s 358.58, 1278.85 
143Cs 1.77 s 191.60, 219.33, 658.61 
143Ba 14.33 s 211.86, 431.54, 799.39, 895.30, 1010.40 
144Ba 11.5 s 388.55, 431.54, 541.00,  
144Cs 1.01 s 1079.08,1118.82, 2015.60, 2175.61 
144La 40.8 s 1525.05 
145La 24.8 s 164.17, 352.39, 358.58 
145Cs 0.594 s 175.83, 242.94, 435.26, 455.24, 546.76, 751.08 
145Ba 4.31 s 417.60 
146Cs 0.321 s 307.5, 735.76, 933.27, 1970.91 
147La 4.015 s 120.52, 186.44 
152Pr 3.63 s 164.17 
153Pr 4.28 s 191.60 
153Nd 31.6 s 255.65, 345.34, 417.60 
154Pr 2.3 s 164.17, 793.85, 895.3, 933.27,  
155Nd 8.9 s 888.63 
157Pm 10.56 s 164.17 
160Eu 38 s 175.83, 824.93, 1000.99, 1304.51, 1384.13 
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Appendix B 




Gamma-Ray Energies  
(keV) 
100Tc 15.8 s 540.97, 590.6, 1203.49 
101Mo 14.61 m 
190.87, 192.75, 408.14, 498.76, 506.1, 590.6, 607.92, 641.89, 
697.2, 871.36, 933.03, 1010.12, 1061.08, 1160.78, 1304.6, 
1532.07, 1597.82, 2031.25, 2040.01 
102Nb 4.3 s 551.1, 846.89, 1634.09 
102Tc 5.28 s 475.56, 627.09, 631.37, 636.44, 864.13, 1102.73, 1196.96, 1239.97, 1613.95, 2246.74 
103Tc 54.2 136.67, 211.45, 344.41, 346.33, 388.80, 402.79, 562.07 
104Tc 18.3 m 358.12, 530.09, 535.83, 884.16, 895.18, 1597.82, 1613.95, 1676.84
106Tc 36 s 270.01, 1970.49, 2237.62 
109Rh 80 s 291.23, 325.69, 424.62 
109Ru  34.5 s 205.94, 225.87, 358.12, 424.62, 1010.12, 1304.6, 1501.63, 1537.4, 1756.5, 1835.93 
110Rh  28.5 s 369.84, 440.23, 546.64, 839.66, 904.96 
113Pd 93 s 96.76, 270.01, 462.88, 482.96, 658.12 
115Pd 25 s 247.47, 304.59, 344.41, 397.81, 555.42 
116Pd 11.8 s 92.14 
117Ag 72.8 s 136.67, 157.31, 312.62, 468.25, 1996.42, 2014.88, 2246.74 
117mAg 5.34 s 136.67, 157.31, 205.94, 219.43, 297.08, 307.37, 686.02 
120In 46.2 s 250.67, 636.44, 864.13 
121Cd 13.5 s 1041.14 
121In 23.1 s 259.11, 658.12, 918.88, 925.5 
121mIn 3.88 m 908.55, 1041.14, 1102.73, 1118.44 
128Sb 10.4 m 192.75, 312.62, 743.17, 787.76, 1041.14, 1160.78 
129mSn 6.9 m 219.43, 264.63, 307.37, 506.1, 602.78, 1131.19, 1160.78 
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129Sn 2.23 m 578.31, 647.54, 1196.96 
130mSb 6.3 m 182.35, 369.84, 468.25, 498.76, 647.54, 793.64, 816.88, 839.66, 1017.52 
130Sn 3.72 m 150.39, 190.87, 192.75, 435.05, 551.1, 743.17, 780.15 
131Sb 23.03 m 641.89, 658.12, 933.03, 943.44, 1123.80 
132Sb 2.79 m 102.52, 150.39, 277.82, 291.23, 381.87, 498.76, 636.44, 697.2, 816.88, 974.43 
133Sb 2.5 m 816.88, 1095.89, 1304.6, 1551.15, 1727.66, 2414.95 
136I 83.4 s 1312.92, 1322.1, 2289.45, 2414.95, 2866.6 
136mI 46.9 197.69, 346.33, 369.84, 381.87, 482.96, 913.26, 1312.92, 1740.44 
137Xe 3.818 m 394.07, 455.25, 1613.95, 2849.58 
137Xe 3.818 m 1613.95 
138Cs 33.41 m 546.64, 871.36, 1435.52, 2217.31 
138mCs 2.90 m 190.87, 192.75, 462.88, 871.36, 1435.52 
138Xe 14.08 m 242.81, 259.11, 397.81, 435.05, 1768.1, 2004.88, 2014.88, 2252.39
139Cs 9.27 m 627.09, 1283.03, 1420.16, 2349.58 
140Cs 63.7 s 602.78, 908.55, 1634.09, 1851.57, 2100.9, 2237.62, 2330.21, 2521.62 
140Xe  13.60 s 120.39, 555.42, 607.92, 621.86, 775.41, 805.62, 925.5, 989.88, 1137.38, 1312.92, 1413.86 
141Cs 24.94 s 555.42, 562.07, 586.06, 1147.43, 1196.96 
142Ba 10.6 m 232.13, 255.61, 312.62, 364.54, 424.62, 839.66, 895.18, 948.48, 1000.95, 1078.62, 1095.89, 1203.49 
143Ba 14.33 s 211.45, 255.61, 291.23, 431.31, 435.05, 719.65, 799.00, 895.18, 925.5, 980.07, 1010.12, 1196.96 
143La 14.14 m 455.25, 621.86, 641.89 
144La 40.8 397.81, 540.97, 586.06, 735.7, 846.89, 1524.66, 1970.49 
145Ba 4.31 s 92.14, 96.76, 163.94, 190.87, 381.87, 417.78, 492.26, 546.64 
145Ce 3.01 m 232.13, 285.5, 351.86, 424.62, 440.23, 724.46, 857.57, 1108.07, 1147.43 
145La 24.8 s 163.94 
146La 10.0 s 182.35, 259.11, 291.23, 408.14, 455.25, 667.2, 925.50 
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148Ce 56 s 102.52, 120.39, 270.01, 291.23, 325.69, 351.86 
148Pr 2.27 m 302.22, 451.32, 613.15, 636.44, 658.12, 697.2, 719.65, 1248.24 
149Ce 5.3 s 87.35, 144.04, 381.87 
149Pr 2.26 m 107.82, 139.23, 166.35, 259.11, 317.03, 333.93 
151Nd 12.44 m 87.35, 139.23, 169.1, 255.61, 424.62, 586.06, 677.3, 735.7, 739.11, 799.00, 1017.52, 1123.80 
152mPm 7.52 m 242.81, 780.15, 1095.89, 1435.52 
153Nd 31.6 s 107.82, 285.5, 344.41, 417.78, 475.56, 969.43 
154Pm 1.73 m 546.64, 969.43, 1147.43 
155Nd 8.9 s 87.35, 182.35, 186.29, 219.43, 417.78, 607.92, 953.62 
155Pm 41.5 s 408.14, 724.46, 780.15 
156Pm 26.70 s 175.63, 933.03, 1147.43, 1260.33 
157Sm 482 s 197.69, 317.03, 394.07, 989.88, 1464.84 
159Eu 18.1 m 96.76, 144.04, 677.3, 805.62 
160Eu 38 s 175.63, 1383.75 
68Cu 31.1 s 578.31, 1078.62, 1260.33, 1676.84 
74Ga 8.12 m 492.26, 595.92, 607.92, 867.86, 1000.95, 1203.49, 1333.03, 1939.32 
75Ga 126 s 175.63, 250.67, 578.31, 884.16, 1248.24 
76Ga 32.6 s 562.07 
78Ga 5.09 s 566.43, 621.86 
80As 15.2 s 667.2, 1293.97 
80Ge 29.5 s 264.63, 933.03, 1118.44, 1260.33, 1564.39 
81As 33.3 s 388.8, 468.25, 492.26, 2100.9 
81Ge 7.6 s 92.14, 793.64, 876.16 
83As 13.4 s 735.7, 1333.03, 2077.84 
83mSe 70.1 s 989.88, 1031.92 
83Se 22.3 m 358.12, 719.65, 799.00, 888.61 
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84Br 31.80 m 2483.67, 3927.61 
85Br 2.90 m 805.62, 864.13, 918.88, 1727.66 
85Se 31.7 s 344.41, 431.31, 607.92, 839.66, 943.44, 953.62, 1203.49, 1427.55 
86Br 55.0 s 1217.55, 1464.84, 1564.39, 2349.58, 2751.87 
86Se 15.3 s 381.87, 1118.44, 1277.79, 2237.62, 2441.68, 2662.02 
87Br 55.60 s 530.09, 831.79, 943.44, 1023.72, 1413.86, 1420.16, 1577.8, 1835.93, 2004.88, 2706.02, 2997.22, 4180.23 
87Se 5.29 s 242.81, 333.93, 468.25 
88Br 16.5 s 775.41, 805.62, 1577.8 
88Rb 17.78 m 1383.75, 1835.93 
89Kr 3.15 m 
219.43, 498.76, 586.06, 739.11, 867.86, 904.96, 974.43, 1108.07, 
1322.1, 1473.23, 1501.63, 1532.07, 1694.07, 1901.63, 1939.32, 
2100.9, 2866.6, 3533.57 
89Rb 15.15 m 658.12, 948.48, 1031.92, 1248.24, 1537.40, 2195.38, 2569.43, 2706.02 
90Kr 32.32 s 120.39, 242.81, 540.97, 555.42, 1017.52, 1537.4 
90mRb 258 s 831.79, 1061.08, 1375.98, 1664.89, 2127.47, 2751.87, 3316.31 
90Rb 158 s 831.79, 1061.08, 3303.51, 3382.57, 3533.57, 4134.45, 4364.94, 4645.76 
91Kr 8.57 s 107.82, 397.81, 506.1, 555.42, 613.15, 1023.72, 1102.73, 1108.07, 1137.38, 2483.67, 3112.55 
91Rb 58.4 s 
92.14, 346.33, 440.23, 595.92, 602.78, 948.48, 1041.14, 1137.38, 
1613.95, 1740.44, 1851.57, 1970.49, 2563.72, 2924.75, 3599.05, 
4077.14 
93Sr 7.423 m 169.1, 259.11, 346.33, 590.6, 710.55, 876.16, 888.61, 1123.8, 1268.26, 1698.31 
94Sb 10.23 s 166.35, 297.08, 710.55, 1277.79 
94Sr 75.2 1427.55 
95Sr 23.90 s 686.02, 1277.79, 2246.74, 2716.05, 2932.67, 4077.14 
95Y 10.3 m 431.31, 953.62, 1322.1, 1806.48, 1939.32, 2174.96, 2631.82, 3575.06 
96mY 9.6 s 144.04, 364.54, 913.26, 1108.07, 1225.39, 1750.34 
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